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Abstract 

Background: Task-specific locomotor training has been promoted to improve walking-related outcome after 
incomplete spinal cord injury (iSCI). However, there is also evidence that lower extremity strength training might 
lead to such improvements. The aim of this randomized cross-over pilot study was to compare changes in a broad 
spectrum of walking-related outcome measures and pain between robot-assisted gait training (RAGT) and strength 
training in patients with chronic iSCI, who depended on walking assistance. We hypothesized that task-specific 
locomotor training would result in better improvements compared to strength training. 

Methods: Nine participants with a chronic iSCI were randomized to group 1 or 2. Group 1 received 16 sessions of 
RAGT (45 min each) within 4 weeks followed by 16 sessions of strength training (45 min each) within 4 weeks. 
Group 2 received the same interventions in reversed order. Main outcome measures were the 10 m Walk Test 
(10MWT) at preferred and maximal speed. Furthermore, we assessed several measures such as walking speed under 
different conditions, balance, strength, and 2 questionnaires that evaluate risk of falling and pain. Data were 
collected at baseline, between interventions after 4 weeks, directly after the interventions and at follow-up 6 months 
after the interventions. Pain was assessed repeatedly throughout the study. 

Results: There were no significant differences in changes in scores between the 2 interventions, except for maximal 
walking speed (10MWT), which improved significantly more after strength training than after RAGT. Pain reduced after 
both interventions. 

Conclusion: In patients with chronic iSCI dependent on walking assistance, RAGT was not more effective in improving 
walking-related outcome compared to lower extremity strength training. However, the low sample size limits 
generalizability and precision of data interpretation. 

Trial registration: This study was registered at Clinicaltrials.gov (NCT01087918). 
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Introduction 

In a recent Point of View, it was highlighted that neither 
body weight-supported treadmill training (BWSTT) nor 
robot-assisted gait training (RAGT) have fulfilled the 
high expectations that were raised by researchers and 
clinicians in the field of neurorehabilitation [1]. There is 
no evidence yet that these methods are superior to over- 
ground training to improve ambulation in neurological 
patients, even if they were thought to have a large poten- 
tial to advance gait rehabilitation [2,3]. 

Nevertheless, driven gait orthoses like the Lokomat 
(Hocoma AG, Volketswil, Switzerland) [4,5] have been 
introduced in numerous rehabilitation settings to treat pa- 
tients with locomotor dysfunction [6]. A trend has been 
described that robot-assisted gait training (RAGT) might 
even replace rather than complement conventional phy- 
siotherapeutic interventions [7]. This is undesirable as 
superiority of task-specific locomotor training - mean- 
ing training the task we want the patients to get better 
at (in this case walking) - has not been proven sufficiently. 
Additionally, recent studies and reviews have also shown 
the limitations of RAGT compared to BWSTT in different 
patient populations [1,8,9]. 

After years of promoting task-specific training com- 
bined with the popularity of applying BWSTT, it seems 
logical that task-specific locomotor training, such as 
RAGT, might improve ambulatory function more than 
lower extremity muscle strength training. One of the 
main reasons therefor is that task-specific training pro- 
vides locomotion-relevant afferent input to spinal central 
circuitries that generate rhythmic stepping behavior [10]. 
While such input is not provided during strength train- 
ing of the lower limbs (without training walking), im- 
provements in ambulatory function have been shown 
after stroke or incomplete spinal cord injury (iSCI), since 
locomotor capacity correlates well with strength of leg 
muscles, like hip flexors or extensors [11,12]. Accord- 
ingly, data obtained from 3 patients with iSCI suggested 
that a 12-week resistance and plyometric training pro- 
gram (plyometric exercises consist of powerful move- 
ments where muscles are rapidly and repeatedly stretched 
and contracted) led to increased walking speeds in the 
10 m Walk Test (10MWT) at preferred and maximal 
speed [13]. 

While task-specific locomotor training appeared super- 
ior over strength training for a long time in patients with 
stroke [14,15], the LEAPS trial recently concluded that a 
home-exercise program, with the aim of enhancing flexi- 
bility, strength, coordination or balance, was equivalent to 
locomotor training [16]. Recent studies also showed that 
after iSCI, complex muscle coordination and motor pro- 
grams appear intact while muscle strength is affected 
[17,18]. This is different compared to stroke, where com- 
plex muscle coordination was disturbed even in the 



"unaffected" leg [18]. However, these studies investigated 
single joint movement tasks, and it is unclear whether 
these findings can be translated into more functional 
movements like walking. Therefore, the primary aim of 
this study was to compare gait-related outcomes of lower 
extremity strength training and task-specific locomotor 
training in patients with chronic iSCI, especially since 
recent publications failed to demonstrate superiority of 
one intervention over another one [19-21]. Additionally, 
as many patients with spinal cord injury experience 
chronic pain [22] and already single sessions of BWSTT 
can lead to pain reduction [23], we investigated the im- 
mediate and longitudinal effects of both interventions 
on pain intensity. 

Methods 

Design overview 

This study was a randomized cross-over open label clin- 
ical pilot study. The main outcome measures were video- 
taped and separately scored by a blinded assessor. 

Setting and participants 

Inclusion criteria were: aged 18-70 years, chronic iSCI 
(time after injury >ly) and sensorimotor incomplete 
(grade C or D on the American Spinal Cord Injury Asso- 
ciation [ASIA] Impairment Scale [AIS] [24]). The motor 
level of the lesion was between C4 and Til to exclude 
patients with peripheral lesions. Furthermore, partici- 
pants had to walk with at most moderate assistance at 
the time of inclusion (i.e. a score of <6 in the "mobility 
outdoors" item of the Spinal Cord Independence Measure 
[SCIM] [25]). Cognitive capacity to follow verbal instruc- 
tions was tested with the Mini Mental State Examination 
(required score: >26) [26]. 

Participants were excluded if they presented contra- 
indications for training in the Lokomat system (according 
to the manual), had injuries limiting training, as well as 
orthopedic, psychiatric or neurological diseases, except for 
the iSCI. 

Participant enrollment started in March 2009, and the 
final participant completed training in April 2011. We 
intended to include as many participants as possible. 
The research database of our hospital was screened for 
possible candidates. A total of 97 entries were found to 
approximately match inclusion and exclusion criteria. 
These patients were contacted and invited. Out of 10 
patients who were screened on site, 1 did not meet the 
inclusion criteria. The other 9 (all AIS D) participated 
and completed the intervention. Figure 1 shows the 
CONSORT (Consolidated Standards of Reporting Trials) 
diagram. Characteristics of the participants are displayed 
in Table 1. Participants were asked to maintain their regular 
medication scheme and inform the principal investigator 
about any changes or extraordinary events. Two participants 
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Assessed for eligibility (n = 97) 








Excluded (n = 88) 

♦ Not meeting inclusion criteria (n = 12) 
♦ Declined to participate (n = 76) 












Included and randomized (n= 9) 









Group 1 (RAGT 


-ST) 


Allocated (n = 


5) 


Received (n = 


5) 



Lost to follow-up (n = 1, 
declined to participate) 



Analysed (n= 5) 



Allocation 



Follow-up 



Analysis 



Group 2 (ST - RAGT) 
Allocated (n = 4) 
Received (n = 4) 








Lost to follow-up (n = 0) 






Analysed (n= 4) 





Figure 1 Consolidated standards of reporting trials diagram. Abbreviations: RAGT = robot-assisted gait training; ST= strength training. 



(P03&P05) wore ankle-foot orthoses, and these were kept 
on during all training sessions and assessments. 

All training sessions and assessments took place at the 
spinal cord injury center of our hospital. This study was 
registered at www.clinicaltrials.gov (NCT01087918). 

Ethics statement 

All participants gave written informed consent to par- 
ticipate and to have their anonymized data published, 
and the study protocol was approved by the ethics com- 
mittee of the Canton of Zurich, Switzerland. The study 
was conducted according to the principles expressed in 
the Declaration of Helsinki. 

Randomization and interventions 

The aim of the study was to compare RAGT with strength 
training in patients with chronic iSCI. Randomization for 
group assignment was performed by dice-rolling before 
pretests were performed. Group 1 received 16 sessions of 



RAGT within 4 weeks followed by 16 sessions of strength 
training within 4 weeks. Group 2 received the same inter- 
vention in reversed order. 

RAGT was performed with the Lokomat System (for de- 
tails see references [4,5]). However, in the present study, 
we used customized software that, besides the position- 
controlled mode (standard Lokomat software), had 2 add- 
itional modes. In position-controlled mode, the end point 
of the robotic leg is exactly defined for each particular 
time point during the gait cycle. In path control mode, 
however, there is a virtual tunnel around the prepro- 
grammed gait trajectory and within this tunnel, the par- 
ticipant can freely move his leg. If the participant's leg 
deviates from this virtual tunnel, the Lokomat pushes the 
leg back into the tunnel [27,28]. With this control mode, 
the participant trains a more functional gait pattern that 
better represents "over ground walking" compared to the 
standard position-controlled mode. Path control mode 
allows individual variability within the gait cycle, which is 



Table 1 Subjects' characteristics 



ID 


IG 


Age (years) 


Height (cm) 


Weight (kg) 


Sex 


Months p. injury 


Level of lesion 


Etiology 


WISCI 


CA 


Pain 


P01 


2 


69 


178 


68 


m 


16 


C4 


Trauma 


13 


Yes 


npb 


P02 


1 


69 


178 


80 


m 


13 


T8 


Tumor 


16 


Yes 


None 


P03 


1 


43 


163 


54 


f 


84 


Til 


Trauma 


12 


Yes 


nap & nbp 


P04 


2 


60 


166 


75 


f 


21 


T4 


Abscess 


16 


Yes 


nap & ms 


P05 


1 


60 


179 


92 


m 


44 


Til 


Herniation 


9 


No 


ms 


P06 


2 


41 


161 


48 


f 


189 


C6 


Trauma 


16 


Yes 


nbp & ms 


P07 


1 


53 


183 


85 


m 


29 


C5 


Herniation 


13 


Yes 


nap & nbp 


P08 


2 


67 


164 


89 


f 


27 


C5 


Herniation 


16 


Yes 


nap & nbp 


P09 


1 


69 


179 


93 


m 


26 


C4 


Trauma 


16 


Yes 


nbp & ms 


Mean ± SD 




59 ± 1 1 


172 ±9 


76+16 




50 ±56 






14 ± 3 






Median 




60 


178 


80 




27 






16 







Abbreviations: AIS ASIA Impairment Scale, C cervical, CA community ambulator, f female, ID identification, IG intervention group, m male, ms musculoskeletal pain, 
nap neuropathic at level pain, nbp neuropathic below level pain, p post, T thoracic, WISCI Walking Index for Spinal Cord Injury. 
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relevant for motor learning. For the most difficult training 
mode, we added treadmill speed control to the path con- 
trol mode. Here, participants additionally could control 
the speed of the belt with their body posture. By slightly 
moving their trunk forward (increase in speed) or back- 
ward (decrease in speed), they could control treadmill 
belt speed within a defined range. These modes enabled 
us matching training intensity to the participants' cap- 
abilities and guaranteed active participation, whereas in 
earlier clinical trials with the conventional system, the- 
oretically, participants could just be passive [21,29]. 
Speed was limited to 4.0 km/h (=1.11 m/s) in every 
mode (average training speed in these patients usually is 
around 1.5-2.0 km/h). 

Training duration per session was 45 min for both inter- 
ventions (actual training time, including maximally 2 
breaks of 1-2 min during RAGT, and including warming- 
up during strength training and breaks to change from 
one exercise to the next). All trainings were executed 
under the supervision of a movement scientist. The first 
session of RAGT focused on adjusting the system to the 
participant. To allow participants to familiarize themselves 
with the system, training started with approximately 30% 
bodyweight support and a treadmill speed of 1-2 km/h. 
All participants initially started training using foot lifters 
to ensure foot clearance during swing phase. If control 
and strength of ankle dorsiflexion improved, the tension 
of the foot lifters was decreased until active dorsiflexion 
was sufficient to remove the foot lifters. In subsequent 
sessions, training intensity was increased progressively by 
changing walking speed, level of bodyweight support, ro- 
botic support or by applying the next higher training 
mode. Modes were easily switchable; therefore, different 
training modes were not applied exclusively, but rather al- 
ternately, where time spent training in the more difficult 
mode steadily increased according to the participant's cap- 
abilities. All but one participant (P05, see Table 1) trained 
in interactive mode most of the time and 2 participants 
managed to walk in interactive mode with control of 
treadmill speed (P02&P04). The amount of body-weight 
support was adjusted individually to achieve adequate 
knee extension during stance phase and toe clearance dur- 
ing swing phase. 

Strength training was aimed particularly at lower limb 
muscles without performing task-specific walking exer- 
cises. The first session of strength training focused on 
the configuration of a set of feasible exercises, and this 
set was adapted throughout the intervention period to 
meet the participant's needs, capabilities and progress. 
One training session consisted of 10 min of warming up 
on a bicycle, rowing ergometer or cross trainer, followed 
by approximately 4-6 exercises, where we aimed for 3 
bouts of 10-12 repetitions at 70% of maximal voluntary 
contraction, which was determined in the first session. 



These exercises were put together individually; examples 
of exercises that were performed by all participants were 
isotonic leg press in supine position and isotonic hip ad- 
duction, abduction, flexion and extension at the wall pulley 
(standing, with/without resistance) or on the examination 
table (lying, with/ without additional weights). 

Outcomes and follow-up 

We chose the 10MWT at preferred and maximal speed 
as primary outcome measures. Additionally, on a hypothesis- 
generating basis, we explored a broad range of secondary 
outcome measures and we investigated the longitudinal 
course of general pain by assessing it before and after each 
training session. All outcome measures were applied 
according to Figure 2. Follow-up assessments were per- 
formed to investigate the sustainability of potentially in- 
duced changes in outcomes. Given the cross-over nature 
of this study, it was not possible to make statements about 
sustainability for each intervention specifically. 

Primary outcome measures 

Walking speed was evaluated with the 10MWT [30]. 
Participants were instructed to walk at their preferred 
and maximal speed, but were not given verbal encourage- 
ment. The 10MWT was performed with a "flying start" 
(while participants walked about 14 m, the time was mea- 
sured for the intermediate 10 m) [31]. Results were con- 
verted to walking speed (m/s). 

Secondary outcome measures 

General Selected items of the International Spinal Cord 
Injury Core Data Set [32] were collected (demographic 
and iSCI-specific data of interest, Table 1), and the 
motor score of the neurological examination according 
to the ASIA International Standards [24] was evaluated 
(upper extremity motor score [UEMS] in participants 
with tetraplegia only, lower extremity motor score 
[LEMS] in all participants). Furthermore, we applied the 
SCIM to assess independence and evaluated several out- 
come measures of walking and balance. 

Walking We applied the WISCI [33] to assess which kind 
of assistive devices or personal assistance the participants 
needed to cover 10 m. 

To test the participants' ability to adapt their gait to 
several circumstances, we applied the Figure Eight Test 
(FET), which was previously described in more detail 
and shown to be valid [34] . The test required participants 
to traverse a 10 m long figure of eight-shaped track 6 
times, each time under a different condition, including: 

- FET preferred: at preferred walking speed. 

- FET maximal: at maximal safe walking speed. 

- FET vision: subjects wore vision-blurring glasses. 
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Baseline 



Intervention 



Start 



End 
— I— 



Follow-up 
// ' > 



Interventions 
Group 1 
Group 2 

Outcome measures 

10MWT * 

WISCI * 

FET * 

PCI * 

Gait symmetry * 

BBS * 

Body sway * 

FES-I * 

UEMS * 

LEMS * 

SCIM * 
MMS (for inclusion criteria) * 
Pain (Visual analog scale) 



^ — i — i — i — i — h 



H h 



( 1 6 x RAGT 1 6 x strength training ^) 



f 16 x strength training 



16 x RAGT 



★ 



★ 
* 



★ 
* 



★ ★ * ★ ★ 
***** 
* 
* 
* 
* 
* 
* 
* 
* 
★ 



before and after each training session 



* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
★ 



* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 



Figure 2 Application scheme of outcome measures. Abbreviations: 10MWT= 10 m Walk Test; BBS = Berg Balance Scale; FES-I = Falls Efficacy 
Scale - International Version; FET= Figure Eight Test; LEMS = lower extremity motor score; MMS = Mini Mental State Examination; PCI = Physiological 
Cost Index; RAGT= robot-assisted gait training; SCIM = Spinal Cord Independence Measure; UEMS = upper extremity motor score; WISCI = Walking 
Index for Spinal Cord Injury. 



- FET obstacle: Two obstacles, one in each curve, had 
to be overstepped. 

- FET foam: Subjects wore foamed soles under their 
shoes. 

- FET dual task: During walking, a list of questions 
had to be answered as quickly as possible. 

The time needed for each condition was recorded and 
converted to walking speed (m/s). Except for FET max- 
imal, participants were directed to walk at self-selected 
speed corresponding to their preferred comfortable 
walking speed in everyday life. 

We estimated energy expenditure with the Physiological 
Cost Index (PCI) [35]. The PCI was assessed on a tread- 
mill. First, participants stood still for 2 min and the mean 
heart rate of the last 10 s was used as heart rate at rest. 
Then they walked for 3 min at the same speed as previ- 
ously determined in their first 10MWT at preferred speed. 
The PCI was calculated as follows: PCI = (steady-state 
heart rate - heart rate at rest)/ambulatory velocity. 

We assessed symmetry of gait, which has been shown 
to improve after locomotor-specific training in patients 
with iSCI [20]. It is an important marker for the quality 
of gait and an accurate indicator of changes in the walk- 
ing pattern, even on a sub-clinical level [36]. There is 
evidence that gait symmetry also improves after lower 
extremity strength training in patients with stroke [37]. 



Gait symmetry was measured by comparing lengths of 
stance and swing phases of each single leg (by dividing 
stance time [in % of whole step] right by stance time 
left) with portable insoles. If the value was >1, it was 
inverted to ensure comparability. Gait symmetry was mea- 
sured in 8 participants only, due to infrastructural issues. 

Balance To cover the risk of falling, which is increased 
up to 75% after iSCI [38,39], we measured balance, 
which is considered important for functional ambulation 
after iSCI [40]. Barbeau and Visintin showed that man- 
ual BWSTT improves balance in patients with stroke 
[41]. However, as participants are strongly fixated in the 
robot, it remains questionable whether balance becomes 
trained during RAGT, as recently discussed for patients 
with stroke [9,42]. As a performance-based measure of 
balance, we used the Berg Balance Scale (BBS) [43]. As a 
marker of static balance, we measured the maximal 
mediolateral amplitude of the center of pressure move- 
ment over 30 s on a force plate (Kistler Instrumente AG, 
Winterthur, Switzerland). Participants were asked to 
stand as still as possible and to fixate a given object with 
their eyes. The distance between their feet was 10 cm. 
The test was done twice, and the best try counted. To 
assess fear of falling while performing different activities 
of daily living, we applied the international version of 
the Falls Efficacy Scale (FES-I) [44]. 
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Pain To assess the influence of the interventions on 
general pain intensity, participants were asked to rate 
their current pain immediately before and 5 min after 
each training session on a 100 mm visual analog scale 
(VAS) that was confined by the terms "no pain" on the 
left side (0%) and "unbearable pain" (100%) on the right 
side. The instructions were: "Please rate the general pain 
you are experiencing at this moment". To avoid the in- 
fluence of circadian pain patterns, trainings were always 
performed on the same time of the day. One participant 
did not suffer from pain at all, and, therefore, pain as- 
sessments were done in 8 participants. 

Statistical analyses 

Given our interest in the impact of 2 training interven- 
tions on different outcomes in patients with iSCI, statis- 
tical analyses were applied to quantify differences in 
change scores between the two interventions for each 
outcome. The use of a cross-over design was chosen to 
reduce the impact of inter- individual variability by hav- 
ing each participant act as its own control [45]. To allow 
an upfront interpretation, we adopted parametric testing, 
as only a few secondary outcome measures did not show 
normally distributed within-subject change scores (tested 
with the Shapiro-Wilk Test), namely SCIM, WISCI, 
UEMS and LEMS. This approach allows including the 
data in future meta-analyses. Figure 3 displays an overview 
of the applied statistical analyses, accounting for the 



characteristics of cross-over designs. As carry-over and 
treatment by period interaction are unlikely to be separ- 
able [45], we did one analysis for both combined. 

To evaluate the longitudinal influence of the interven- 
tions on pain intensity, we plotted the mean VAS-scores 
before and after training against time for all 16 sessions 
for each intervention and performed linear regression ana- 
lyses. We considered a longitudinal decrease in pain inten- 
sity to be significant, when the regression coefficient was 
significantly smaller than zero. Additionally, we investi- 
gated the short-term effect of training on pain intensity by 
subtracting the mean VAS-scores after training from those 
before training for each intervention and compared these 
change scores with a Paired-Samples T Test. 

For all outcome measures, intention-to-treat analysis 
was performed using the last observation carried forward 
method to account for missing data. Only 1 participant re- 
fused to take part in the follow-up measurement, and this 
was treated as missing data. Alpha was set at 0.05. 

Results 

All participants completed both interventions and no 
adverse events occurred. Age and time since injury were 
comparable in both groups. During RAGT, participants 
walked on average 1731 ± 265 m per session. During 
strength training, mean resistance was increased in all 
the exercises that were performed by all participants. 
For leg press with both legs, mean increase of resistance 



Intervention 



4 weeks (16 units) 



AR1 



4 weeks (16 units) 



AST2 



Group 1 (B1 



RAGT 



(TT)-^ Strength training ■►(El)< 



6 months 



AF1 



AST1 



Group2 (B2)-<- | Strength training | »(|2)- 




Analyses 

Treatment effects 

Period effects 



Carry-over or treatment by 
period interaction 



Follow-up effects 
General effects 



B ) Baseline measurement 



AR1 grouped with AR2 vs. AST1 grouped with AST2 



AR1 grouped with AST1 vs. AST2 grouped with AR2 



(AR1 + AST2) vs. (AST1 + AR2) 



E1 grouped with E2 vs. F1 grouped with F2 
B1 grouped with B2 vs. F1 grouped with F2 



Paired-Samples T Test 



Paired-Samples T Test 



Independent-Samples T Test 



Paired-Samples T Test 



© 



Intermediate measurement 



© 



End measurement (^^) FolloWHjp measurement 



Figure 3 Overview of the protocol and the statistical methods applied. Pain assessments are not included in this figure, as they were 
not performed at the indicated measurements but during the interventions themselves. Abbreviations: RAGT = robot-assisted gait training; 
AF1 = improvement during follow-up in group 1 ; AF2 = improvement during follow-up in group 2; AR1 = improvement during robot-assisted gait 
training in group 1; AR2 = improvement during robot-assisted gait training in group 2; AST1 = improvement during strength training in 
group 1 ; AST2 = improvement during strength training in group 2. 
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from the first to the last session was 17 ± 11 kg. Also for 
one-legged exercises, resistance could be increased (hip 
adduction: 4 ± 2 kg, hip abduction: 2 ± 1 kg, hip flexion: 
3 ± 1 kg and hip extension: 3 ± 2 kg). 

Treatment effects 
Main outcome measures 

Improvements of changes in scores of the 10MWT at 
maximal speed were larger due to strength training com- 
pared to RAGT (Figure 4 based on onset and end data 
from Table 2). There was no statistical difference be- 
tween the interventions with respect to the changes in 
scores of the 10MWT at preferred speed (Figure 4). 

Secondary outcome measures 

There were no significant differences in changes in 
scores between the two interventions for all secondary 
outcome measures (Figure 4). However, tests like the 
FET maximal, FET foam and the BBS showed a ten- 
dency (0.05 < p-value < 0.10) toward greater improve- 
ments after strength training (Figure 4). 

Period and carry-over effects and follow-up results 

There was no statistically significant period effect for 
any outcome measure. Furthermore, we could not find 
any statistically relevant carry-over/treatment by period 
interaction. No outcome measure at the end of the second 
intervention was significantly different from outcome 
measures at follow-up 6 months later (ranging from p = 
0.14 for LEMS to p = 0.93 for 10MWT at preferred speed, 



results of follow-up measurements are displayed in Table 2). 
However, there were outcome measures that were better at 
follow-up compared to baseline (two-sided Paired-Samples 
T Test; p = 0.05 for 10MWT at preferred speed, p = 0.02 
for SCIM and p < 0.01 for LEMS). 

Pain assessments 

Overall, 16 sessions of Lokomat training reduced pain 
intensity over time. The regression coefficient calculated 
over the mean VAS-scores (before training) was -0.33 
(p = 0.04, 95% confidence interval (CI): [-0.02, -0.63], 
Figure 5). For the pain scores derived after training, 
the regression coefficient was -0.54 (p < 0.01, 95% CI: 
[-0.28, -0.80], Figure 5). During the strength training 
intervention, pain reduced as well, but only significandy 
after training (before training: regression coefficient = -0.23, 
p = 0.12, 95% CI: [-0.52, 0.06]; after training: regression co- 
efficient = -0.50, p < 0.01, 95% CI: [-0.17, -0.83], Figure 5). 

The interventions caused an immediate reduction of pain 
that was slightly but significantly larger after strength train- 
ing (-6.8 ± 2.5%) than after RAGT (-4.5 ± 2.2%, p < 0.01). 

Discussion 

The applied outcome measures covered practically all 
domains of the International Classification of Functioning, 
Disability and Health [46] on which RAGT or strength 
training could have an effect. Results of the 10MWT at 
maximal speed and trends in other outcome measures sug- 
gested that strength training was associated with greater 
improvements compared to RAGT. However, due to low 



in favour of RAGT 



10MWT preferred (m/s) 
10MWT maximal (m/s) 

FET preferred (m/s) 
FET maximal (m/s) 
FET vision (m/s) 
FET obstacles (m/s) 
FET foam (m/s) 
FET dual task (m/s) 

Gait symmetry (n=8) 



in favour of strength training 



-0.25 



-0.2 



-0.15 



-0.1 



-0.05 



WISCI 

PCI (beats/m) 

Sway (cm) 

BBS 

FES-I 

UEMS (n=5) 

LEMS 

SCIM 



p value 

0.46 
0.04 

0.39 
0.07 
0.70 
0.21 
0.09 
0.89 

0.55 



-+- 
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0.35 
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0.91 
0.10 
0.85 

0.68 
0.55 
0.64 
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mean Afstrength training) - mean A(RAGT) 

Figure 4 Overview of treatment effects on changes in scores of all outcome measures. The white dots correspond to the mean difference 
between mean change score due to strength training and mean change score due to robot-assisted gait training in raw units and the grey bars 
depict the associated 95% confidence interval. P-values < 0.05 are bold. Abbreviations: 10MWT= 10 m Walk Test; BBS = Berg Balance Scale; FES-I = Falls 
Efficacy Scale - International Version; FET= Figure Eight Test; LEMS = lower extremity motor score; PCI = Physiological Cost Index; RAGT = robot-assisted 
gait training; SCIM = Spinal Cord Independence Measure; UEMS = upper extremity motor score; WISCI = Walking Index for Spinal Cord Injury. 
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Table 2 Mean values ± standard deviations of all participants 



Outcome measure 


Onset RAGT 


End RAGT 


Onset strength training 


End strength training 


Follow-up" 1 


1 0MWT preferred (m/s) 


0.62 + 0.23 


0.66 ± 0.29 


0.58 ±0.1 9 


0.64 ±0.23* 


0.66 + 0.26 


10MWT maximal (m/s) 


0.79 ±0.31 


0.80 ±0.35 


0.66 ± 022 


0.80 ± 0.28* 


0.78 ±0.28 


FET preferred (m/s) 


0.52 ±0.20 


0.53 ±0.20 


0.50 ±0.1 6 


0.54 ±0.21 


0.53 ±0.1 8 


FET maximal (m/s) 


0.62 ±0.21 


0.63 ± 0.23 


0.60 ± 0.20 


0.65 ± 0.22* 


0.64 ± 0.22 


FET vision (m/s) 


0.49 ±0.21 


0.50 ±0.21 


0.48 ± 0.20 


0.50 ±0.20 


0.43 ±0.1 7 


FET obstacle (m/s) 


0.42 ±0.1 9 


0.41 ± 0.20 


0.39 ±0.1 9 


0.43 ± 0.20* 


0.40 ± 0.20 


FET foam (m/s) 


0.42 ±0.1 9 


0.42 ± 0.20 


0.39 ±0.1 8 


0.45 ± 0.20* 


0.41 ±0.13 


FET dual task (m/s) 


0.45 ±0.1 9 


0.48 ±0.1 8 


0.44 ±0.1 5 


0.48 ±0.1 8 


0.43 ±0.1 7 


Gait symmetry 3 


0.91 ±0.18 


0.93 ±0.1 3 


0.93 ±0.1 3 


0.96 ± 0.09 


0.92 ± 0.09 


WISCI 


14.1 ±2.5 


14.9 ± 3.1 


14.4 ±2.6 


14.8 ±2.9 


15.5 ±2.7 


PCI (beats/m) 


0.76 ± 0.40 


0.88 ±0.70 


0.84 ± 0.74 


0.65 ±0.41 


1. 04 ± 1.14 


Sway (cm) 


2.09 ± 1 .40 


2.13 ± 1.98 


2.48 ± 1 .88 


2.60 ±2.1 9 


2.66 ±2.21 


BBS 


43.3 ± 14.7 


44.4 ± 14.7 


42.7 ± 14.0 


45.4 ± 14.7* 


42.9 ± 16.3 


FES-I 


26.6 ± 8.7 


26.4 ±9.2 


25.6 ±7.3 


25.1 ±5.5 


23.8 ±6.7 


UEMS b 


43.0 ± 2.5 


43.4 ±3.2 


42.4 ±2.1 


43.4 ±2.6 


44.3 ± 1 .9 


LEMS 


40.9 ± 7.5 


41. 6 ±7.3 


40.4 ± 6.6 


41 .4 ± 6.9* 


41.0 ±7.0 


SCIM 


88.4 ± 7.9 


89.2 ± 7.6 


87.9 ±8.1 


89.2 ± 7.9 


88.9 ± 6.5 



Please note that data were pooled from group 1 and group 2, meaning that e.g. data from onset RAGT cannot directly be compared with data from onset strength training. 
*Denotes a significant (p < 0.05} intra-intervention before-after difference as determined by a Paired-Samples T Test. a n = 8 (n = 7 for follow up data). b n = 5 
(n = 4 for follow up data). c One participant did not attend follow-up measurements. Abbreviations: WMWT 1 0 m Walk Test, FET Figure Eight Test, WISCI Walking Index for 
Spinal Cord Injury, PCI Physiological Cost Index, BBS Berg Balance Scale, FES-I Falls Efficacy Scale - International Version, UEMS upper extremity motor score, LEMS lower 
extremity motor score, SCIM Spinal Cord Independence Measure. 



statistical power, a statement of superiority of strength 
training to RAGT cannot be made. Additionally, clinically 
meaningful changes (CMC), were rarely reached. 

Walking 

Results of the 10MWT already point out that RAGT was 
not superior compared to strength training. Especially 
the changes in scores of the 10MWT at maximal speed 
were better after strength training compared to RAGT. 
One the one hand, this was unexpected as the walking 
speed in the Lokomat at the end of the intervention 
exceeded over-ground walking speed in the 10MWT at 
maximal speed in 6 of 9 subjects, meaning that we 



specifically trained fast walking. However, Field-Fote 
et al. already reported that treadmill speed in RAGT 
does not seem to be an essential factor for locomotor 
outcomes in subjects with iSCI [20]. On the other hand, 
Kim et al. showed that muscle strength correlates with 
walking speed [12]. Since leg muscle strength improved 
after strength training (Table 2) this might have led to 
higher walking speeds. Also, preferred walking speed did 
not change significantly after RAGT, which is in line 
with results of studies published earlier [20,29]. How- 
ever, the main difference to these studies is that, due to 
the new Lokomat control strategies applied in this study, 
participants had to contribute actively, thus eliminating 



0? 35 



Robot-assisted gait training 



Strength training 




10 12 14 16 0 2 4 6 8 10 12 14 16 

# of training session 
average pain before training average pain after training 

Figure 5 Course of pain rating on a 100 mm visual analog scale from before and after each training session for both interventions. 
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passiveness as a reason for the performance of RAGT. 
Yet, there are also studies where RAGT led to improve- 
ments of preferred walking speed [47,48]. 

Efficacy of RAGT seems to depend on the initial walk- 
ing function of the participant. Those with lower initial 
walking speeds are likely to profit more from this inter- 
vention compared to those with higher walking speeds 
[20,47]. Preferred walking speed before intervention was 
around 0.4 m/s in the study of Wirz et al. [47] and 
0.45 m/s in the study of Hornby et al. [48], whereas 
participants in this study walked considerably faster 
when they entered the study (0.57 ± 0.20 m/s). Never- 
theless, none of the participants reached the speed of 
0.7 m/s, which has been described to distinguish bet- 
ween the categories "walker with aid" and "walker with- 
out aid" [49]. 

Figure 4 depicts that strength training could have a greater 
impact on ambulatory function compared to RAGT in the 
sampled population. A possible reason might be that pre- 
dominantly strength is affected in subjects with iSCI, while 
accurate muscle activation remains largely unaffected [18]. 
This is also reflected in the consistent improvement in 
walking speed these subjects experienced after strength 
training, irrespective of which FET condition we applied 
(Table 2). 

There was no difference between the interventions with 
respect to PCI. Differences between resting and walking 
heart rate were very small indicating that walking for 
3 min at preferred speed was not a very energy- 
demanding load in the present sample. Additionally, 
low walking speeds compared to those of the non- 
disabled population led to a large statistical data spread. 
Therefore, the PCI must be looked at critically after iSCI 
which has been noted earlier [35]. 

Gait symmetry did not change, and this is in line with 
results of another study [21]. It must be noted that all 
but one (P05) subject had no relevant strength differ- 
ences between their right and left leg. 

Balance 

There were no statistical differences between the changes 
in scores due to RAGT and strength training for balance 
measures. However, keeping the low statistical power in 
mind, improvements in the BBS tended to be larger after 
strength training compared to RAGT. At least the effect- 
iveness of strength training could be anticipated, as it was 
observed in other populations, such as patients with 
stroke [50] or healthy elderly [51]. 

While RAGT improved the BBS score in patients with 
stroke [9], its effect on static balance has herewith been 
investigated for the first time. Neither intervention had 
an influence on static balance. With the current hardware 
of the Lokomat, one can assume that static balance cannot 
really be trained; subjects are firmly attached to the device 



and they are secured from falling by different mechanisms 
(body weight support, hand rails, foot lifters). 

To summarize, it seems that if there is adequate residual 
muscle strength (to perform walking with some assist- 
ance) after iSCI, strength training certainly does not per- 
form worse compared to RAGT when it comes to 
improving ambulatory function. Further studies are neces- 
sary to determine what level of muscle strength (motor 
score) is needed to recommend strength training (in com- 
bination with over-ground gait training) to produce better 
clinical outcome, as an extension to the work done by 
Behrman et al. in the field of BWSTT [52]. Nevertheless, 
RAGT might play an important role during the acute 
phase, when patients have little residual muscle strength. 

Clinically meaningful changes 

To make a statement about the relevance of the differ- 
ences between both interventions, we compared them 
with available CMCs from literature. For the 10MWT at 
preferred speed, we found a CMC of 0.04-0.06 m/s for 
healthy elderly [53], which lies well within the 95% confi- 
dence interval of the between-group difference in the 
present study (Figure 4). This is not the case for the CMC 
for patients with Parkinson's disease, which was estimated 
to be 0.18 m/s [54]. The latter publication also provides a 
CMC of 0.25 m/s for the 10MWT at maximal speed, 
which builds the edge of the 95% confidence interval of 
the between-group difference in this study. 

Furthermore, we found a CMC of 1 point for the WISCI 
[55], a CMC of 6 points for the BBS [56] and a CMC of 4 
points for the SCIM [57]. Of these, only the CMC of the 
WISCI lies within the 95% confidence interval of the dif- 
ference between interventions. 

Period and carry-over effects and follow-up results 

Statistical analyses did not reveal significant period effects. 
Against the background of limited statistical power, this 
indicates that the general state of the participants during 
the intervention did not considerably change. As all par- 
ticipants were in a chronic stage of their iSCI, this result 
was anticipated. 

Statistically, we could also not detect any carry-over or 
treatment by period interaction. This means that either 
there is no carry-over, which is very unlikely since the 
intermediate measurement results differed from baseline 
measurement results, meaning that "baseline" values be- 
fore the second intervention were different from baseline 
measures before the first intervention; or it means that 
carry-over was comparable for both interventions, and, 
therefore, insignificant for the interpretation of the achieved 
results. 

The results of the follow-up measurement were double- 
edged. On the one hand, there were only a few outcome 
measures that improved over the course of the whole 
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study (from baseline to follow-up). On the other hand, no 
outcome measure got worse from the end of interventions 
to follow-up. This would be especially valuable for those 
outcome measures that improved during the training 
phase, which are outcomes reflecting increased motor 
capacity and performance (10MWT at preferred speed, 
LEMS and SCIM). However, the inability to detect clear 
differences could be due to the low power of this study. 
Please note that the follow-up results do not allow a dif- 
ferentiation between the 2 interventions. 

Pain assessments 

Overall, both interventions led to an alleviation of pain 
intensity over time, reflected in steadily decreasing VAS- 
scores before and after training. This has already been 
shown for strength training interventions [58] and is 
herewith presented for the first time for RAGT. If pain 
intensity was averaged over all sessions and subjects 
(RAGT: before training: 28.6 ± 3.0% and after training: 
24.1 ± 3.3%; strength training: before training: 29.6 ± 
2.6% and after training: 22.8 ± 3.6%), this equaled in a 
mean short-term pain reduction of 15-23%. It must be 
noted though that in this gait-unrelated outcome meas- 
ure, strength training seems to have had a larger impact 
compared to RAGT as there was a significant difference 
between the changes in scores of mean pain intensity. 
Nevertheless, we can conclude that neither strength 
training nor RAGT worsened the general perception of 
pain. This is particularly important for the Lokomat as it 
obviously can be adapted to the physiology of the users 
without overstraining their musculoskeletal system. 

We did not investigate pain-relieving effects within a 
specific type of pain because we had only a small num- 
ber of subjects, and some of these subjects experienced 
both musculoskeletal and neuropathic pain. In our opin- 
ion, it might be less relevant as there is evidence that 
physical activity can have positive effects on neuropathic 
as well as on musculoskeletal pain. With respect to 
neuropathic pain, several studies suggest that physical 
activity could have a positive influence on impaired sen- 
sory function [14,59-61]. It has been shown in animals 
that treadmill running has positive effects on nerve re- 
generation and functional recovery after peripheral nerve 
injuries [62,63], which are known to cause neuropathic 
pain [64]. Further literature shows that physical activity 
can also reduce musculoskeletal pain [65,66]. 

Limitations 

Sample sizes are known to be rather small in exercise 
training studies involving subjects with chronic spinal 
cord injury [67]. This study unfortunately is no excep- 
tion. Larger sample sizes would have led to greater stat- 
istical power. Additionally, due to the high number of 
(exploratory) outcome measures, this study is also prone 



to type I and type II errors. Generalizability of the find- 
ings is limited to people with the narrowly defined cri- 
teria applied in this study and as all participants agreed 
to take part in this intensive training program, we can- 
not exclude a motivational bias. In anticipation of the 
low number of participants, we chose a cross-over de- 
sign. This has the advantage that each participant acts as 
its own control, which is specifically valuable in a group 
with high inter-individual variation. However, there is 
the disadvantage of possible carry-over. Carry-over and 
treatment by period interaction are generally thought to 
be hard to objectify in training studies (especially in this 
study with its small statistical power) and are highly 
inter-individual. Therefore, we abstained from introdu- 
cing a wash-out period, which reduced the load for par- 
ticipants, but this might have also influenced the results. 
The absolute effectiveness of the interventions could be 
overestimated, as repeated exposure to the testing proto- 
col or natural recovery over time might have induced 
functional improvements, despite including patients with 
a chronic iSCI only. 

We did not blind the assessors for the treatment of the 
participants. However, all lOMWTs were recorded on 
video and a blinded assessor scored the videotaped 
lOMWTs. The un-blinded original scores and the blinded 
videotaped tests matched excellently (linear regression 
analysis: y = 0.98x + 0.009 m/s; R 2 = 0.99). Nevertheless, we 
cannot exclude assessor-bias for other outcome measures. 

It might be that the participants in this study were 
clinically too good for the Lokomat. However, we tried 
to accommodate this flaw by applying different training 
modes, and there were only 2 participants, who were able 
to acceptably manage the most difficult training mode. 
Nevertheless, strength training is customizable to a much 
higher extent than RAGT and the therapist can specifically 
address weaknesses that result in straight improvements 
of function. 

Participants did not perform other physical exercises 
besides the interventions within this study. However, all 
but one participant (P05) were community ambulators 
(with assistive devices) and ambulatory activity besides 
our trainings was not monitored. 

The average intensity of pain in this sample varied much, 
and it remains speculative whether RAGT could alleviate 
pain more in participants who experience weaker or in 
those with stronger pain. While one participant in our 
study with strong pain profited from the training (P04), 
the participant who reported the highest pain intensity 
(P09) did not show any change in pain intensity due to 
the training. 

Optimal training dosage still is unknown. The number 
of training sessions and the duration of each training 
session were chosen according to clinical experience and 
no participant complained about physical overload. 
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At last, during RAGT we did not focus on specific 
aims. Usually, we tried to let the participants walk as fast 
as possible, but as in clinical application, we also focused 
on minimizing levels of robotic assistance and bodyweight 
support. 

Conclusion 

Task-specific RAGT was not better than lower extremity 
strength training at improving walking performance in pa- 
tients with chronic iSCI who depended on walking assist- 
ance. In fact, maximum walking speed improved more 
after strength training compared to RAGT. However, due 
to the low number of participants, statistical power was 
limited. 

Abbreviations 

10MWT: 10 m walk test; AIS: ASIA impairment scale; ASIA: American Spinal 
Injury Association; BBS: Berg balance scale; BWSTT: Body weight-supported 
treadmill training; CI: Confidence interval; CONSORT: Consolidated standards 
of reporting trials; FES-I: Falls efficacy scale - International version; FET: Figure 
Eight Test; ISCI: Incomplete spinal cord injury; LEMS: Lower extremity motor 
score; PCI: Physiological cost index; RAGT: Robot-assisted gait training; 
SCIM: Spinal cord independence measure; UEMS: upper extremity motor 
score; VAS: Visual analog scale; WISCI: Walking index for spinal cord injury. 

Competing interests 

The author's declare that they have no competing interests. 
Authors' contributions 

RL participated in the design of the study and coordinated it; he conducted 
all trainings and assessments, performed data and statistical analyses and 
drafted the manuscript. HvH conceived of the study, participated in its 
design, performed statistical analyses and helped to draft the manuscript. 
Both authors read and approved the final manuscript. 

Acknowledgment 

We sincerely thank the subjects for their participation and Alex Duschau- 
Wicke, PhD, Marion Zimmerli, MSc, Alex Schuck, MSc, and Kaspar Manz, BSc, 
for their assistance. We further acknowledge the Neuroscience Center Zurich 
(ZNZ) and the Rehabilitation Initiative and Technology Platform Zurich (RITZ). 
This work was supported by the International Spinal Research Trust (Clinical 
Initiative Stage 2, London, UK; grant number CLI06), the Henry Smith Charity 
(London, UK) and the EMDO Foundation (Zurich, Switzerland). The funding 
bodies had no role in design, in the collection, analysis, and interpretation of 
data; in the writing of the manuscript; and in the decision to submit the 
manuscript for publication. 

Author details 

'Spinal Cord Injury Center, Balgrist University Hospital, Zurich, Switzerland, 
institute of Human Movement Sciences and Sport, FTTH Zurich, Switzerland. 
Pediatric Rehab Research Group, Rehabilitation Center, University Children's 
Hospital Zurich, Affoltern am Albis, Switzerland. 

Received: 2 April 2013 Accepted: 3 January 2014 
Published: 9 January 2014 

References 

1. Dobkin BH, Duncan PW: Should body weight-supported treadmill training 
and robotic-assistive steppers for locomotor training trot back to the 
starting gate? Neurorehabil Neural Repair 201 2, 26:308-31 7. 

2. Barbeau H: Locomotor training in neurorehabilitation: emerging 
rehabilitation concepts. Neurorehabil Neural Repair 2003, 1 7:3-1 1 . 

3. Dobkin BH: An overview of treadmill locomotor training with partial 
body weight support: a neurophysiologically sound approach whose 
time has come for randomized clinical trials. Neurorehabil Neural Repair 
1999, 13:157-165. 



4. Colombo G, Wlrz M, Dietz V: Driven gait orthosis for improvement of 
locomotor training in paraplegic patients. Spinal Cord 2001, 39:252-255. 

5. Riener R, Lunenburger L, Maier IC, Colombo G, Dietz V: Locomotor training 
in subjects with sensori-motor deficits: an overview of the robotic gait 
orthosis lokomat. J Healthcare Eng 2010, 1:197-216. 

6. Hesse S, Schmidt H, Werner C, Bardeleben A: Upper and lower extremity 
robotic devices for rehabilitation and for studying motor control. 

Curr Opin Neurol 2003, 16:705-710. 

7. Harvey L, Wyndaele JJ: Are we jumping too early with locomotor training 
programs? Spinal Cord 201 1, 49:947. 

8. Vaney C, Gattlen B, Lugon-Moulin V, Meichtry A, Hausammann R, Foinant D, 
Anchisi-Bellwald AM, Palaci C, Hilfiker R: Robotic-assisted step training 
(lokomat) not superior to equal intensity of over-ground rehabilitation in 
patients with multiple sclerosis. Neurorehabil Neural Repair 201 2, 
26:212-221. 

9. Hidler J, Nichols D, Pelliccio M, Brady K, Campbell DD, Kahn JH, Hornby TG: 
Multicenter randomized clinical trial evaluating the effectiveness of the 
Lokomat in subacute stroke. Neurorehabil Neural Repair 2009, 23:5-13. 

10. Bouyer LJ: Animal models for studying potential training strategies in 
persons with spinal cord injury. J Neurol Phys Ther 2005, 29:1 1 7-1 25. 

1 1 . Richards CL, Olney SJ: Hemiparetic gait following stroke. Part II: recovery 
and physical therapy. Gait Posture 1996, 4:149-162. 

12. Kim CM, Eng JJ, Whittaker MW: Level walking and ambulatory capacity in 
persons with incomplete spinal cord injury: relationship with muscle 
strength. Spinal Cord 2004, 42:156-162. 

13. Gregory CM, Bowden MG, Jayaraman A, Shah P, Behrman A, Kautz SA, 
Vandenborne K: Resistance training and locomotor recovery after 
incomplete spinal cord injury: a case series. Spinal Cord 2007, 
45:522-530. 

14. Hesse S, Bertelt C, Jahnke MT, Schaffrin A, Baake P, Malezic M, Mauritz KH: 
Treadmill training with partial body weight support compared with 
physiotherapy in nonambulatory hemiparetic patients. Stroke 1995, 

26:976-981. 

15. Sullivan KJ, Brown DA, Klassen T, Mulroy S, Ge T, Azen SP, Wlnstein CJ: 
Effects of task-specific locomotor and strength training in adults who 
were ambulatory after stroke: results of the STEPS randomized clinical 
trial. Phys Ther 2007, 87:1580-1602. 

16. Duncan PW, Sullivan KJ, Behrman AL, Azen SP, Wu SS, Nadeau SE, Dobkin BH, 
Rose DK, Tilson JK, Cen S, Hayden SK Body-weight-supported treadmill 
rehabilitation after stroke. N Engl J Med 201 1 , 364:2026-2036. 

17. Wirth B, van Hedel HJ, Curt A: Ankle dexterity remains intact in patients 
with incomplete spinal cord injury in contrast to stroke patients. 

Exp Brain Res 2008, 191:353-361. 

18. van Hedel HJ, Wirth B, Curt A: Ankle motor skill is intact in spinal cord 
injury, unlike stroke: implications for rehabilitation. Neurology 2010, 
74:1271-1278. 

19. Mehrholz J, Kugler J, Pohl M: Locomotor training for walking after spinal 
cord injury. Cochrane Database Syst Rev 2008. CD006676. 

20. Field-Fote EC, Lindley SD, Sherman AL: Locomotor training approaches for 
individuals with spinal cord injury: a preliminary report of walking-related 
outcomes. J Neurol Phys Ther 2005, 29:1 27-137. 

21 . Nooijen CF, Ter Hoeve N, Field-Fote EC: Gait quality is improved by 
locomotor training in individuals with SCI regardless of training 
approach. J Neuroeng Rehabil 2009, 6:36. 

22. Siddall PJ, McClelland JM, Rutkowskl SB, Cousins MJ: A longitudinal study 
of the prevalence and characteristics of pain in the first 5 years 
following spinal cord injury. Pain 2003, 103:249-257. 

23. Martin Ginis KA, Latimer AE: The effects of single bouts of body-weight 
supported treadmill training on the feeling states of people with spinal 
cord injury. Spinal Cord 2007, 45:1 12-1 15. 

24. Marino RJ, Barros T, Biering-Sorensen F, Burns SP, Donovan WH, Graves DE, 
Haak M, Hudson LM, Priebe MM: International standards for neurological 
classification of spinal cord injury. J Spinal Cord Med 2003, 

26(Suppl 1):S50-S56. 

25. Itzkovich M, Gelernter I, Biering-Sorensen F, Weeks C, Laramee MT, Craven BC, 
Tonack M, Hitzig SL, Glaser E, Zeilig G, et at The Spinal Cord Independence 
Measure (SCIM) version III: reliability and validity in a multi-center 
international study. Disabil Rehabil 2007, 29:1 926-1 933. 

26. Folstein MF, Folsteln SE, McHugh PR: "Mini-mental state". A practical 
method for grading the cognitive state of patients for the clinician. 
J Psychiatr Res 1975, 12:189-198. 



Labruyere and van Hedel Journal of NeuroEngineering and Rehabilitation 2014, 11:4 
http://www.jneuroengrehab.eom/content/1 1/1/4 



Page 12 of 12 



27. Vallery H, Duschau-Wicke A, Riener R: Generalized elasticities improve 
patient-cooperative control of rehabilitation robots. In IEEE Int Conf on 
Rehabilitation Robotics (ICORR). 2009:535-541. 

28. Vallery H, Duschau-Wicke A, Riener R: Optimized passive dynamics 
improve transparency of haptic devices. In IEEE Int Conf Robot Aut (ICRA); 
2009:301-306. 

29. Field-Fote EC, Roach KE: Influence of a locomotor training approach on 
walking speed and distance in people with chronic spinal cord injury: a 
randomized clinical trial. Phys Ther 201 1, 91:48-60. 

30. van Hedel HJ, Dietz V: Walking during daily life can be validly and 
responsively assessed in subjects with a spinal cord injury. Neurorehabil 
Neural Repair 2009, 23:1 1 7-1 24. 

3 1 . van Hedel HJ, Wirz M, Dietz V: Standardized assessment of walking 
capacity after spinal cord injury: the European network approach. Neurol 
Res 2008, 30:61-73. 

32. DeVivo M, Biering-Sorensen F, Charlifue S, Noonan V, Post M, Stripling T, 
Wing P: International spinal cord injury core data set. Spinal Cord 2006, 
44:535-540. 

33. Dittuno PL, Ditunno JF Jr: Walking index for spinal cord injury (WISCI II): 
scale revision. Spinal Cord 2001, 39:654-656. 

34. Labruyere R, van Hedel H: Curve-walking is not better than straight-walking 
in estimating ambulation-related domains after incomplete spinal cord 
injury. Arch Phys Med Rehabil 2012, 93:796-801 . 

35. IJzerman MJ, Baardman G, Hof MA V 't, Boom HB, Hermens HJ, Veltink PH: 
Validity and reproducibility of crutch force and heart rate measurements 
to assess energy expenditure of paraplegic gait. Arch Phys Med Rehabil 
1999,80:1017-1023. 

36. Benedetti MG, Piperno R, Simoncini L, Bonato P, Tonini A, Giannini S: Gait 
abnormalities in minimally impaired multiple sclerosis patients. Mult Scler 
1999, 5:363-368. 

37. Teixeira-Salmela LF, Nadeau S, McBride I, Olney SJ: Effects of muscle 
strengthening and physical conditioning training on temporal, kinematic 
and kinetic variables during gait in chronic stroke survivors. J Rehabil 
Med 2001, 33:53-60. 

38. Brotherton SS, Krause JS, Nietert PJ: Falls in individuals with incomplete 
spinal cord injury. Spinal Cord 2007, 45:37-40. 

39. Wirz M, Muller R, Bastiaenen C: Falls in persons with spinal cord injury: 
validity and reliability of the Berg Balance Scale. Neurorehabil Neural 
Repair 2009, 24:70-77. 

40. Sclvoletto G, Romanelli A, Mariotti A, Marinucci D, Tamburella F, Mammone A, 
Cosentino E, Sterzi S, Molinari M: Clinical factors that affect walking level and 
performance in chronic spinal cord lesion patients. Spine 2008, 33:259-264. 

41. Barbeau H, Vlslntin M: Optimal outcomes obtained with body-weight 
support combined with treadmill training in stroke subjects. Arch Phys 
Med Rehabil 2003, 84:1458-1465. 

42. Mayr A, Kofler M, Quirbach E, Matzak H, Frohlich K, Saltuari L: Prospective, 
blinded, randomized crossover study of gait rehabilitation in stroke patients 
using the Lokomat gait orthosis. Neurorehabil Neural Repair 2007, 21 :307-314. 

43. Berg KO, Wood-Dauphinee SL, Williams J I, Maki B: Measuring balance in 
the elderly: validation of an instrument. Can J Public Health 1992, 
83(Suppl 2):S7-S11. 

44. Yardley L, Beyer N, Hauer K, Kempen G, Piot-Ziegler C, Todd C: Development 
and initial validation of the Falls Efficacy Scale-International (FES-I). 

Age Ageing 2005, 34:61 4-61 9. 

45. Senn S: Cross-over trials in clinical research. 2nd edition. J. Wiley & Sons: 
Chichester, UK; 2002. 

46. World Health Organization: International Classification of Functioning, 
Disability and Health. Geneva, Switzerland: World Health Organization; 2001. 
Available at: http://www3.who.int/icf. Accessibility verified November 6, 
2013. 

47. Wirz M, Zemon DH, Rupp R, Scheel A, Colombo G, Dietz V, Hornby TG: 
Effectiveness of automated locomotor training in patients with chronic 
incomplete spinal cord injury: a multicenter trial. Arch Phys Med Rehabil 
2005, 86:672-680. 

48. Hornby TG, Campbell DD, Kahn JH, Demott T, Moore JL, Roth HR: Enhanced 
gait-related improvements after therapist- versus robotic-assisted locomotor 
training in subjects with chronic stroke: a randomized controlled study. 
Stroke 2008, 39:1786-1792. 

49. van Hedel HJ: Gait speed in relation to categories of functional 
ambulation after spinal cord injury. Neurorehabil Neural Repair 2009, 
23:343-350. 



50. Weiss A, Suzuki T, Bean J, Fielding RA: High intensity strength training 
improves strength and functional performance after stroke. Ann J Phys 
Med Rehabil 2000, 79:369-376. quiz 391-364. 

51 . Hess JA, Woollacott M: Effect of high-intensity strength-training on 
functional measures of balance ability in balance-impaired older adults. 
J Manipulative Physiol Ther 2005, 28:582-590. 

52. Behrman AL, Lawless-Dixon AR, Davis SB, Bowden MG, Nair P, Phadke C, 
Hannold EM, Plummer P, Harkema SJ: Locomotor training progression and 
outcomes after incomplete spinal cord injury. Phys Ther 2005, 
85:1356-1371. 

53. Perera S, Mody SH, Woodman RC, Studenski SA: Meaningful change and 
responsiveness in common physical performance measures in older 
adults. J Am Ceriatr Soc 2006, 54:743-749. 

54. Steffen T, Seney M: Test-retest reliability and minimal detectable change 
on balance and ambulation tests, the 36-item short-form health survey, 
and the unified Parkinson disease rating scale in people with parkinsonism. 
Phys Ther 2008, 88:733-746. 

55. Burns AS, Delparte JJ, Patrick M, Marino RJ, Ditunno JF: The reproducibility 
and convergent validity of the walking index for spinal cord injury 
(WISCI) in chronic spinal cord injury. Neurorehabil Neural Repair 201 1, 
25:149-157. 

56. Hayes KW, Johnson ME: Measures of adult general performance tests: the 
Berg balance scale, Dynamic Gait Index (DGI), Gait Velocity, Physical 
Performance Test (PPT), Timed Chair Stand Test, Timed Up and Go, and 
Tinetti Performance-Oriented Mobility Assessment (POMA). Arthritis Care 
Res 2003, 49528-S42. 

57. Scivoletto G, Tamburella F, Laurenza L, Molinari M: The spinal cord 
independence measure: how much change is clinically significant for 
spinal cord injury subjects. Disabil Rehabil 2013, 35:1808-1813. 

58. Ditor DS, Latimer AE, Ginis KA, Arbour KP, McCartney N, Hicks AL: 
Maintenance of exercise participation in individuals with spinal cord 
injury: effects on quality of life, stress and pain. Spinal Cord 2003, 
41:446-450. 

59. Edgerton VR, de Leon RD, Tlllakaratne N, Recktenwald MR, Hodgson JA, Roy RR 
Use-dependent plasticity in spinal stepping and standing. Adv Neurol 1 997, 
72:233-247. 

60. Harkema SJ, Hurley SL, Patel UK, Requejo PS, Dobkin BH, Edgerton VR: 
Human lumbosacral spinal cord interprets loading during stepping. 
J Neurophysiol 1997, 77:797-81 1. 

61 . Trimble MH, Kukulka CG, Behrman AL: The effect of treadmill gait training 
on low-frequency depression of the soleus H-reflex: comparison of a 
spinal cord injured man to normal subjects. Neurosci Lett 1998, 
246:186-188. 

62. Marqueste T, Alliez JR, Alluin O, Jammes Y, Decherchi P: Neuromuscular 
rehabilitation by treadmill running or electrical stimulation after 
peripheral nerve injury and repair. J Appl Physiol 2004, 96:1988-1995. 

63. Sabatier MJ, Redmon N, Schwartz G, English AW: Treadmill training 
promotes axon regeneration in injured peripheral nerves. Exp Neurol 
2008, 211:489-493. 

64. Bridges D, Thompson SW, Rice AS: Mechanisms of neuropathic pain. Br J 
Anaesth 2001, 87:12-26. 

65. Feine JS, Lund JP: An assessment of the efficacy of physical therapy and 
physical modalities for the control of chronic musculoskeletal pain. 

Pain 1997, 71:5-23. 

66. Mannerkorpi K, Henriksson C: Non-pharmacological treatment of chronic 
widespread musculoskeletal pain. Best Pract Res Clin Rheumatol 2007, 
21:513-534. 

67. Ginis KA, Hicks AL: Exercise research issues in the spinal cord injured 

population. Exerc Sport Sci Rev 2005, 33:49-53. 



doi:1 0.1 186/1 743-0003-1 1-4 

Cite this article as: Labruyere and van Hedel: Strength training versus 
robot-assisted gait training after incomplete spinal cord injury: a randomized 
pilot study in patients depending on walking assistance. Journal of 
NeuroEngineering and Rehabilitation 201 4 1 1 :4. 



